The development of nitrogen-fixing nodules is induced on the roots of legume host plants by Rhizobium bacteria. We employed a novel strategy to probe the underlying mechanism of nodule morphogenesis in alfalfa roots using pTZS, a broad host range plasmid carrying a constitutive trans-zeatin secretion (tzs) gene from Agrobacterium tumefaciens T37. This plasmid suppressed the Nod-phenotype of Rhizobium nodulation mutants such that mutants harboring pTZS stimulated the formation of nodulelike structures. Alfalfa roots formed more or fewer of these nodules according to both the nitrogen content of the environment and the position along the root at which the pTZS+ bacteria were applied, which parallels the physiological and developmental regulation of true Rhizobium nodule formation. This plasmid also conferred on Escherichia coli cells the ability to induce root cortical cell mitoses. Both the pattern of induced cell divisions and the spatially restricted expression of an alfalfa nodule-specific marker gene (MsENOD2) in pTZS-induced nodules support the conclusion that localized cytokinin production produces a phenocopy of nodule morphogenesis.
INTRODUCTION
Soil bacteria in the genus Rhizobium form an important endosymbiotic partnership with specific legume host plant roots resulting in the development of unique organs called root nodules. Differentiated bacteria reside within root nodules where they function to fix atmospheric N2 and supply the host plant with reduced nitrogen. A variety of investigations have been aimed at establishing the detailed understanding of nodule development required for devising rational strategies to extend the host range of N2-fixing symbioses to nonlegume crops. Much of this work has recently culminated in the discovery of an elaborate system of interspecific chemical communication by which symbiotic partners regulate each other's development and gene expression (Dénarié and Roche, 1992; Fisher and Long, 1992; Spaink, 1992) , and this interspecific signaling system has already become a paradigm for plant-microbe communication (Long and Staskawicz, 1993) .
From a developmental perspective, the interaction of alfalfa roots with R. meliloti is one of the best understood among all legume-Rhizobium symbioses. On the host side of this interaction, a developmental timetable for the early events in nodule development has been established using both flood inoculation and microinoculation techniques (Hirsch et ai., 1982; Dudley et al., 1987; Wood and Newcomb, 1989) . Within 20 hr of inoculation, cells in the inner cortex of the alfalfa root fill ' To whom correspondence should be addressed at: Department of Biological Sciences, University of California, Santa Barbara, CA 93106. with cytoplasm, the nuclei take on a spherical shape ano migrate to the center of the cortical cells, and within 24 hr mitoses are initiated in the innermost layer of cortical cells. These cell divisions proliferate throughout the root cortex over the next 2 to 3 days, leading to the formation of a visible swelling on the root. Concurrently, within hours of inoculation, Rhizobium bacteria on the root surface deform growing root hair cells and initiate specialized infection threads that penetrate into the host root and ramify throughout the dividing mass of plant cells. Bacteria use these infection threads to invade into the nodule tissue and are ultimately released into the host cytoplasm where they differentiate into N2-fixing bacteroids surrounded by an envelope. These early morphological responses of host roots are accompanied by the induced expression of novel host genes called early nodulins, severa1 of which encode unusual repetitive (hydroxy)proline-rich cell wall proteins (see Franssen et al., 1992) . Expression of some early nodulin genes (e.g., ENODS and ENODIP) is correlated with nodule infection events (Scheres et al., 1990a, 199Ob) . Other early nodulin genes (e.g., ENODP and ENOD40) appear to be involved in nodule morphogenesis because they are expressed in developing nodules independent of Rhizobium invasion (Dickstein et al., 1988; Yang et al., 1993) . These early host responses can be blocked both by mutations in the R. meliloti nodulation (nod) genes (Hirsch et al., 1982; Debellé et al., 1986; Dudley et al., 1987; Dickstein et al., 1988) and by mutations in nodgenes of the host (Dudley and Long, 1989; Utrup et al., 1993) .
From the bacterial side of this interaction, many of the R. meliloti symbiosis genes have been identified and characterized (reviewed in Long, 1992) . Even before Rhizobium contacts the root surface, specific flavonoid signals secreted by host roots are used to activate the expression of the nod genes. The nodgene products in turn act to send signals called Nod factors that elicit specific responses in the host root. Cellfree supernatants of R. meliloti are able to cause both root hair deformation (initiating nodule invasion) and cortical cell divisions (initiating nodule morphogenesis), depending on the nodulation genotype of the bacterial strain (Van Brussel et al., 1986; Faucher et al., 1988 Faucher et al., , 1989 Truchet et al., 1991) . Furthermore, nod gene expression is correlated with the biosynthesis of modified lipooligosaccharide Nod factors that are both necessary and sufficient to elicit the early host responses (Lerouge et al., 1990; Truchet et al., 1991) . Genes involved in the synthesis of surface exopolysaccharides (exo genes) are also required for the invasion of nodule tissues by R. meliloti but are not required for the initiation of infection or for nodule morphogenesis (Finan et al., 1985; Leigh et al., 1985; Yang et al., 1992) .
A working hypothesis for nodule initiation is that Nod factors regulate the endogenous mechanisms that normally control cell division in root cortical celfs. Indeed, the idea that endogenous plant hormones control nodule development has been suggested for many years (Thimann, 1936; Libbenga et al., 1973) . The recent discovery of the spontaneous formation of nodules (which express ENODZ) in alfalfa indicates that nodule formation can occur without exogenous signal compounds, thus lending support to this general model (Truchet et al., 1989a) . Two classes of plant hormones, auxins and cytokinins, are generally thought to play roles in regulating the plant cell division cycle. Recently, attention has focused again on the potential involvement of these hormones in nodule development. A.M. Hirsch and colleagues observed that auxin transport inhibitors (ATls) induce the formation of nodulelike structures on legume roots that express some early nodulin genes, including ENOD2 and ENOD72 (Hirsch et al., 1989; Scheres et al., 1992) . Cytokinins have also been shown to specifically induce the expression of ENODP in Sesbania roots (Dehio and de Bruijn, 1992) .
To further explore the potential role of cytokinins in nodule initiation, we constructed a broad host range plasmid, pTZS, which constitutively expresses an isopentenyl transferase gene from Agrobacterium tumefaciens, and used bacteria harboring pTZS as sources of continuous trans-zeatin secretion. This nove1 strategy circumvents the potential problems of rapid metabolism and redistribution of exogenously applied chemical cytokinins that have been observed in legume roots (Morris, 1981) . In this paper, we provide evidence that pTZS+ bacteria, when inoculated onto alfalfa roots, induce cortical cell divisions that imitate at least some of the morphological and molecular events in nodule initiation. In this sense, pTZS complements the morphogenetic functions of the Rhizobium nod genes. Preliminary results from this study were reported in Long and Cooper (1988) .
RESULTS

Zeatin Secretion lnduces the Cytological Events in Nodule lnitiation
For our experiments on the potential role of cytokinins in nodule development, we constructed a broad host range trans-zeatin secretion plasmid called pTZS, the structure of which is shown in Figure 1 . The tzs gene from pTiT37 of A, tumefaciens encodes an isopentenyl transferase that catalyzes the rate-limiting step in the biosynthesis of two naturally occurring cytokinins, isopentenyl-adenine and zeatin (Akiyoshi et al., 1985) . We placed the tzs gene under the transcriptional regulation of the Salmonella typhimurium trp promoter in the vector pTE3, which is regulated by trpR in E. coli and functions as a strong constitutive promoter in R. meliloti .
Transconjugant strains of R. meliloti harboring pTZS behaved as functional adenine auxotrophs, presumably because of a massive flux of AMP into the cytokinin biosynthesis pathway.
As previously reported, and as shown in Table 1 , spot inoculation of emerging alfalfa root hairs with wild-type R. meliloti induced inner cortical cell mitoses, which after 3 to 4 days led to a distinct swelling at the inoculation site termed nodule initiation (Noi) (Dudley et al., 1987) . These cortical cell divisions continued, leading to the morphogenesis of root nodules, although in some cases (-5%) wild-type inoculations aborted at this Noi stage (Table 1) . By comparison, spot inoculation of emerging alfalfa root hairs with Nod-bacteria harboring pTZS, either E. coli LE392 or R. melilotiGM1255 (a 250-kb deletion strain lacking the nod gene region in pSymA), also caused swelling of root tissue at the inoculation site within 3 to 4 days, as shown in Figure 2A and S. typhimurium (constitutively expressed in Rhizobium) and the rhoindependent transcriptional terminator sequences (term) from the E. co/irpoCgene. This lncP plasmid also carries a tetracycline resistance gene (Tet'), the broad host range oriV replication origin, and the oriT (rk) sequences from pRK2 allowing for conjugal mobilization. 
a Bacteria were spot inoculated onto the emerging root hair zone of 3day-old alfalfa seedlings. After 7 days, roots were scored for Mac (mitotic activation, defined as a visible swelling at the inoculation site); after 14 days, roots were scored for Ndv (nodule development, defined as continued cell divisions to produce a nodulelike structure larger than the root diameter) and for LegHb (leghemoglobin production, defined as pink-colored nodules). Data represent the numbers (and %) of spot inoculation sites showing each phenotype.
observed on alfalfa roots that were spot inoculated with E. coli LE392 or R. meliloti GM1255 harboring the parenta1 vector pTE3. To determine the extent to which swellings elicited by pTZS+ bacteria imitated the early events in nodule initiation, we examined seria1 longitudinal sections of spot inoculated roots and also scored inoculated roots for root hair deformation and root hair curling. lnoculation with Nod-bacteria harboring pTZS had no effect on root hair morphology (deformation or hair curling) when scored in a double-blind assay (n = 8, data not shown). By contrast, as shown in Figures 2 6 and 2C, root swellings induced by inoculation with pTZS+ bacterial strains were dueto mitotic activity in the cortical cell region in all cases (n = l l ) , not by cell enlargement or mitoses in other cell types.
As was the case with Noi events elicited by wild-type Rhizobium (see Figure 2C in Dudley et al., 1987) , pTZS+ bacteria induced periclinal mitoses in the innermost cortical cell layers (arrowhead in Figure 26 ) and more randomly oriented (primarily anticlinal) mitoses in the outer cortical cell layers. Mitoses proliferated throughout the cortical region of the root to give rise to a mass of dividing cells ( Figure 2C ). The innermost elongated cells, derived from the initial periclinal divisions, differentiated into xylem tissue at the base of developing pTZSinduced nodules (X in Figure 2C ), and the initiation of the nodule peripheral vascular system was often observed in the mass of dividing cells induced by pTZS+ bacteria as cells elongating out into the periphery of the developing nodule (arrowheads in Figures 2C and 2E ).
Zeatin Secretion Complements nod Gene Mutations for Nodule Morphogenesis and Early Nodulin Gene Expression
As described above, Nod-bacterial strains harboring a constitutive tzs gene induced cell divisions in the same root cells in which mitoses were induced by Rhizobium inoculation. The extent to which such zeatin-induced cell divisions imitated the activity of Nod factors was tested by mobilizing pTZS into a variety of specific nod gene mutants deficient in the production of Nod factors. In all cases, pTZS rescued the ability of Rhizobium nodgene mutants to form nodulelike structures on alfalfa roots (Table 1 and data not shown). In general, the mitoses induced by single nod gene mutants harboring pTZS developed into much larger nodules than those formed by either LE392/pTZS or GM1255/pTZS ( Figure 20) . Larger nodules developed an extensive bifurcating vascular system that was easily observed in cleared whole mounts ( Figure 2E ). The anatomy of pTZS-induced nodules was similar to that described for empty nodules formed by Exo-mutants of R. meliloti . As shown in Figures 2 and 3 , pTZSinduced nodules consisted of an outer nodule cortex, one to severa1 diffuse "meristem-like" regions (yellowish regions in Figures 2D and 2F ) consisting of small dividing cells (asterisks in Figure 3 ), an enlarged central region of tightly packed parenchyma cells (see Esau, 1977; Van de Wiel et al., 1990a including both highly vacuolated cells and cells that stained intensely with acidic toluidine blue (Figures 3 6 and 3C), and a bifurcating vascular system differentiating from the root stele ( Figures 2E and 36) . In some cases, as shown in Figure 2F , branched nodules were induced by pTZS+ bacteria, indicating that the meristem-like regions in pTZS nodules can develop into persistent meristems, unlike the case with Exo-nodules (Yang et al., 1992) . The similarities between the responses of alfalfa roots to pTZS+ bacteria and to Rhizobium were further examined using in situ hybridization experiments to test for the pTZSinduced expression of alfalfa MsENOD2. The expression of ENODP has been observed both in nodules formed by wildtype Rhizobium and in invasion-deficient nodules formed by Exo-and nodule development (Ndv-) Rhizobium mutants (Dickstein et al., 1988; Hirsch et al., 1989) . In normal alfalfa nodules, ENOD2 expression is restricted to the cells of the peripheral nodule parenchyma that separate the nodule vascular system from the root and nodule cortical cells on the outside and from the nodule symbiotic zone on the inside (Van de Wiel et al., 1990a) . In pTZS-induced nodules, as shown in Figures 3A to 3D , high levels of fNOD2 expression were detected primarily in the vacuolated parenchyma cells surrounding the differentiating vascular bundles at the base of the nodule. This observed pattern of ENODP expression was virtually identical to that observed previously in empty nodules produced by Rhizobium exo mutants Allen et al., 1991) . The parenchyma tissue in Exo-nodules fails to "organize" around a central symbiotic zone (Allen et al., 1991) , and fNOD2 expression is restricted to the parenchyma cells at the base of the nodule ( Van de Wiel et al., 1990b) . No ENOD2 expression was detected in the nodule cortex or in the vascular bundles ( Figures 3A to 3D) , and low levels of expression were detected in the small meristem-like cells in the dista1 region of pTZS-induced nodules (asterisks in Figures  3A to 3C ). As was also observed with Exo-nodules (see Figure 2F in Van de Wiel et al., 1990b) , a layer of nonexpressing cells separated the vascular bundles from the parenchyma cells expressing ENOD2 ( Figures 3C and 3D ). The pattern of ENODP expression in pTZS-induced nodules differed spatially, but not developmentally, from that observed in wild-type nodules formed by R. meliloti in which the development of nodule parenchyma is primarily peripheral (Figures 3E and 3F ; Van de Wiel et al., 1990a Allen et al., 1991) .
Response t o Zeatin Secretion 1s Regulated by Host Plant Facton
To further investigate the similarity between nodule initiation and pTZS-induced cell divisions in alfalfa roots, we examined the extent to which the nodulation regulatory systems in host roots also regulate the response of root cortical cells to bacteria harboring pTZS. It has long been known that nodule formation in legumes is blocked by the presence of reduced nitrogen in the soil (Thornton, 1936; Munns, 1968) . The data in Table 2 confirm that the presence of 10 mM nitrate inhibited nodule initiation and indicate that 10 mM nitrate also inhibited the response of alfalfa roots to pTZS+ bacteria. In this respect, the response of alfalfa roots to pTZS+ bacteria is regulated in the same manner as the formation of nodules in the absence of Rhizobium (Truchet et al., 1989a) . We also observed that nodule development (i.e., continued cell divisions) was more sensitive to nitrate than nodule initiation (data not shown).
In alfalfa, the response of root cells to Rhizobium inoculation (which leads to nodule initiation) is dependent on the stage of development (Bhuvaneswari et al., 1981) . Specifically, the region of emerging root hairs is known to be most competent to respond to inoculation, whereas the mature regions of the root are much less competent (Table 2 ). This same pattern of developmental regulation was observed in response to inoculations with Nod-bacterial strains harboring pTZS, indicating that the sensitivity of alfalfa root cells to Rhizobium Nod factors correlates with the sensitivity of root cortical cells to zeatin (Table 2) .
DISCUSSION
Phenotype analyses have demonstrated that the nod genes of R. melilotiare strictly required for both root hair deformation and cortical cell divisions in alfalfa (Hirsch et al., 1982; Debell6 et al., 1986; Dudley et al., 1987) . These genes are involved in the production of signal molecules that act as host-specific nodulation signals (Lerouge et al., 1990) . The structures of the Nod factors are nove1 lipooligosaccharides (Lerouge et al., 1990) , and thus are structurally unlike any of the wellcharacterized classes of phytohormones, including zeatin or other cytokinins. The primary Nod factor produced by R. meliloti is NodRmlV (Ac,S) consisting of a tetrameric P-1,4-linked-Nacetyl glucosamine backbone, modified on the reducing end with sulfate and on the nonreducing end with an N-acyl fatty acid substitution (Lerouge et al., 1990; Roche et al., 1991) . In alfalfa roots, Nod factors cause a rapid membrane (Ehrhardt et al., 1992) , root hair branching and distortion (Lerouge et al., 1990) , and nodule organogenesis (Truchet et al., 1991) . With the purification and biochemical description of the Rhizobium nodulation signals, a primary goal in nodulation research is now focused on understanding the mechanism by which Nod factors, such as NodRmlV (Ac,S), elicit appropriate responses in specific host plant root cells. In this study, we found that a plasmid constitutively expressing the tzs gene could replace the Rhizobium nod genes for one function: namely, the stimulation of mitoses in root inner cortical cells and the consequent organogenesis of root nodules. Several features of the response of alfalfa roots to pTZS+ bacteria indicate a relationship to true nodulation: first, the initial zeatin-induced cell divisions occurred in the inner root cortical cells, the same cells in which cell divisions are induced by Rhizobium; second, pTZS-induced nodules express an early nodulin gene (MsENOD2) in a pattern that mimics ENOD2 expression in infection-deficient nodules formed by Exo-mutants of R. meliloti; third, as is the case with Rhizobium nodulation, the cell divisions and consequent nodulelike structures were statistically more likely to form when pTZS+ bacteria were inoculated onto the emerging root hair zone and were less likely to form elsewhere; and fourth, the pTZSinduced mitoses were partially suppressed by environmental nitrate. Our results extended previous observations that exogenous application of cytokinins, but not other plant hormones, rapidly induced ENODP expression in Sesbania roots (Dehio and de Bruijn, 1992) and that ENODP was expressed in legume hairy root tumors that have an increased sensitivity to endogenous cytokinins (Govers et al., 1990) . The pattern of cell divisions and vascularization induced by bacteria harboring pTZS is distinctive for nodule initiation and differs significantly from the patterns of cell division that lead to lateral root formation (Libbenga and Harkes, 1973; Hirsch et al., 1982; Dudley et al., 1987; Truchet et al., 1989b) . The spatial pattern of ENODP expression in pTZS-induced nodules is virtually identical to that described previously in root nodules formed by ExoRhizobium mutants that secrete Nod factors but lack an exopolysaccharide required for nodule invasion Allen et al., 1991) . A simple interpretation of these results is that the inner cortical cells of alfalfa roots serve as target cells for mitotic activation by cytokinins and that the anatomical effects of zeatin secretion on root cells mimic the morphogenetic activity of Nod factors. The bifurcating vascular system of root nodules may develop as a secondary response to continued mitoses in the cortical cell region of alfalfa roots.
Unlike wild-type Rhizobium, Nod-/pTZS+ bacterial strains had no significant effect on root hair morphology (branching, distortion, or curling). It is unlikely that this negative result relates to the adenine auxotrophy we observed in pTZS+ Rhizobium strains (which we interpret as an indication that tzs expression depletes cytoplasmic pools of adenine andlor intermediates in the purine biosynthetic pathway). Nodule formation by Rhizobium purine auxotrophs is reportedly blocked early in development (Kerppola and Kahn, 1988; Noel et al., 1988) , and we haveobserved that an R. melilotiadenine auxotroph (Rm2103) induced the formation of large ineffective nodules on alfalfa (J.B. Cooper, unpublished results). Although bean nodules elicited by purine auxotrophs lack infection threads, this effect was not specific for adenine, and purine auxotrophy had no effect on root hair curling (Noel et al., 1988) .
Rhizobium species are known to synthesize and secrete cytokinins (Phillips and Torrey, 1972; Taller and Sturtevant, 1991) , but none of the genetic data has indicated that cytokinin production is required for nodule development (i.e., no Nod-mutants are known to affect cytokinin production). Furthermore, the structural identification of NodRmlV (Ac,S) provides strong evidence against the early hypothesis that nodule development is initiated by cytokinins produced by Rhizobium (Phillips and Torrey, 1972; Libbenga et al., 1973; Schmidt et al., 1988) . The fact that Nod-/pTZS+ Rhizobium strains imitate one effect (nodule initiation) of the modified lipooligosaccharide signal molecules, such as NodRmlV (Ac,S), may indicate instead that Nod factors and cytokinins affect or participate in the same fundamental response system in the plant. Thus, nodule initiation may be regulated by hormonal mechanisms common among the angiosperms. In this context, it is interesting to note the report that kinetin application induces the formation of "pseudonodules" on tobacco roots (Arora et al., 1959) .
Application of auxin transport inhibitors (2,3,5-triiodobenzoic acid [TIBA] or N-[1-naphyl]phthalamic acid) to legume roots also induced the formation of nodulelike structures that express early nodulin genes, including ENODP (Hirsch et al., 1989; Scheres et al., 1992) . In Sesbania roots, TIBA induced very low levels of ENODP expression, whereas cytokinins induced high levels of ENODP expression (Dehio and de Bruijn, 1992) . By inhibiting transport of endogenous auxins from the shoot to the root, ATls might act to increase the cytokinin-toauxin ratio in root cortical cells, justas inoculation with pTZS+ bacteria would increase this ratio by a converse mechanism. Two significant differences between the response of alfalfa roots to zeatin and to ATls must be accounted for, however. First, the response of roots to bacteria harboring pTZS is regulated by environmental nitrogen, as is the case with both normal nodules and spontaneous nodules; however, the response to ATls is reportedly insensitive to reduced nitrogen (Hirsch et al., 1989) . Second, both the anatomy and the pattern of ENODP gene expression in pTZS-induced nodules mimic that observed in empty nodules formed by infection-deficient Rhizobium mutants, whereas the anatomy and ENODP gene expression pattern observed in ATI-induced nodules mimic that in fully infected nodules formed by wild-type (Nod+ Exo+) Rhizobium ( Van de Wiel et al., 1990b) .
Several distinct models for nodule initiation are consistent with our results. One model is that NodRmlV (Ac,S) directly causes an increase in the cytokinin-to-auxin ratio of root cortical cells or in the sensitivity of cortical cells to these endogenous growth regulators. A second model is that NodRmlV (Ac,S) (and other Nod factors) act on alfalfa root cells by regulating the same cell cycle control mechanisms that are normally regulated by endogenous cytokinins. In this sense, the cytokinin and Nod factor signal transduction pathways may "intersect" (i.e., share a common step), and the influence of nitrogen and developmental position must be exerted downstream of this common step. Potential target mechanisms include protein kinases, phosphatases, and cyclins homologous to yeast and mammalian cell cycle-related genes (see Jacobs, 1992) , endogenous calcium flux regulators (Saunders and Hepler, 1982, 1983) , dehydroconiferyl glucosides (Binns et al., 1987) , and novel cell cycle regulatory compounds such as trigonelline (Evans et al., 1987) . Yet a third model is that NodRmlV (Ac,S) induces nodule morphogenesis by a mechanism involving a novel unknown pathway and that cytokinins indirectly affect one of the steps of this novel pathway.
It is not known whether lipooligosaccharides represent a completely novel class of plant regulators or whether they are structurally similar to a class of endogenous hormones that has not been previously characterized (Fisher and Long, 1992) . The recent report that Rhizobium Nod factors were able to rescue a carrot embryogenesis mutant (De Jong et al., 1993) is sure to stimulate further interest in the mechanism of action of these bacterial signal molecules. Regardless of the actual mechanism of action, it is likely that the identification of plant receptor(s) for NodRmlV (Ac,S) and for other nod geneassociated factors, and elucidation of the mechanism(s) by which NodRmlV (Ac,S) controls mitosis in alfalfa root cortical cells will contribute greatly to our understanding of the regulation of plant cell division by endogenous cytokinins. Conversely, elucidation of the signal transduction pathway by which cytokinins regulate the plant cell-division cycle should help to illuminate the symbiotic control of nodule morphogenesis.
METHODS
DNA Manipulations and Strain Constructions
Bacterial strains and plasmids used in this study are listed in Table  3 . The broad host range expression plasmid pTZS carrying a constitutive trans-zeatin secretion (22s) gene was constructed using standard recombinant DNA methods (Maniatis et al., 1989) . Specifically, the cohesive ends of the 1.4-kb BamHI-Hindlll fragment from pDA112-1 containing the tzs gene (Akiyoshi et al., 1985) were filled in using the Klenow fragment of DNA polymerase, and this fragment was subcloned into the Hincll site of pUC18 to create an intermediate plasmid with appropriate cloning sites. The BamHI-Pstl fragment of this intermediate plasmid was then cloned into the expression vector pTE3 . pTZS contains m270 bp of tzs sequences upstream of the 729-bp open reading frame encoding the isopentenyl transferase (Akiyoshi et al., 1985) . Rhizobium melilotiwas grown on TY plates with streptomycin (500 mglL) (Meade et al., 1982) or on AB minimal plates (Chilton et al., 1974) . Broad host range plasmids were mobilized from Escherichia coli into R. meliloti using triparental matings with the Tra+ Mob+ helper plasmid pRK2013 (Ditta et al., 1980) . Transconjugants overexpressing the tzs gene behaved as functional adenine auxotrophs (ia, grew slowlyon minimal medium and normallyon minimal medium supplemented with 0.2 mglmL adenine).
Plant lnoculations
Alfalfa roots were inoculated using the spot inoculation technique (Dudley et al., 1987) . Seeds of Medicago sativa cv AS13 (Ferry Morse Seed Co., Mountain View, CA) were surface sterilized (35 min in 70% EtOH followed by 35 min in 5.25% hypochlorite), rinsed thoroughly with sterile H20, and imbibed overnight. lmbibed seeds were germinated for 22 to 24 hr on inverted 0.8% agar plates and planted on square Petri plates containing Nod3, a buffered nodulation medium (2 mM ~~ CaSO,, 1 mM MgSO,, 0.5 mM K2HP04, 1 mM 2-[N-morpholino]ethane sulfonic acid, pH 6.5, and trace elements of Murashige-Skoog [I9621 medium lacking KI). Three days later, roots were microinoculated on the emerging root hair zone with small droplets of bacteria (-lO1o cells per mL) suspended in 10 mM MgSO,, as described previously by Dudley et al. (1987) .
Microscopy
For microscopy, pTZS-induced nodules were fixed overnight (4% formaldehyde in PBS), dehydrated through an EtOH series, and embedded in JB4 resin (Polysciences, Warrington, PA). Sections (4 pm) were cut with a glass knife microtome and stained with 4:6-diamidino-2-phenylindole and acridine orange, as described previously by Dudley et al. (1987) . For visualizing the vascularization patterns in nodules, 8 to 10 nodules were cleared overnight in 85% lactic acid at 65OC, and nodule whole mounts were squashed under a coverslip (Dudley et al., 1987) . Photomicrographs were taken with an epifluorescence microscope (Alphaphot; Nikon, Garden City, NY) or with a dissecting microscope (model M5S; Wild, Heerbrugg, Switzerland).
In Situ Hybridizations
In situ hybridization experiments were performed essentially as described by Meyerowitz (1987) and Smith et al. (1987) . Tissues were fixed in 20 mM KPi, 200 mM KCI containing 1% glutaraldehyde at O°C for 4 hr, dehydrated through an EtOH series, and embedded in Paraplast. Sections (10-vm thick) cut with a rotary microtome were dried onto slides at 45OC overnight, deparaffinized with toluene, rehydrated through an EtOH series, treated with 0.2 M HCI for 20 min at room temperature, 2 x SSPE (1 x SSPE is 0.15 M NaCI, 10 mM sodium phosphate, 1 mM EDTA, pH 8) for 30 min at 7OoC, proteinase K (1 mg/mL in 20 mM Tris-HCI, 2 mM CaCI,, pH 7.6) for 30 min at JPC, and 0.25% acetic anhydride in 0.1 M triethanolamine, pH 8.0, for 10 min at room temperature and then dehydrated through an EtOH series and air dried. Slides were incubated overnight at 45OC with 35S-labeled RNA probes in 50% formamide, 100 mglmL dextran sulfate, 0.6 M NaCI, 20 mM Tris-HCI, pH 7.6, 1 mM EDTA, 1 x Denhardt's solution (0.02% Ficoll, 0.02% PVP, 0.02% BSA), 37.5 mM DTT, 1 mglmL poly(A) RNA, and 0.8 mglmL yeast tRNA.
Probes were produced by in vitro transcription of the Pvull fragment from pA2ENOD2 (Dickstein et al., 1988) with T7 or T3 polymerase using an in vitro transcription kit (Stratagene), hydrolyzed to 50 to 100 bases in length using 0.2 M NaCO, buffer, pH 10.2, at 6OoC, and denatured before use at 95OC for 2 min. Following hybridization, slides were washed with 4 x SSPE, 10 mM DTT for more than 60 min, treated with RNase A (20 pglmL in 0.5 M NaCI, 10 mM Tris-HCI, 1 mM EDTA) for 60 min at P C , and washed with this same buffer lacking RNase (30 min, 37OC), 3 x SSPE (30 min, 5OoC), twice with 2 x SSPE (30 min, room temperature), and once with 0.75M SSPE (>60 min, room temperature); slides were then hydrated through an EtOH series containing 0.3 M (NH&OAc and air dried. Slides were coated with NTB2 nuclear emulsion (Kodak), exposed at 4OC for an appropriate time, and developed using Kodak D19. Sections were counterstained after autoradiography with toluidine blue O. Bright-and dark-field photomicrographs were taken with a light microscope (Axioskop; Zeiss, Thornwood, NY).
